Ground-based direct detection of extra-solar planets is very challenging due to high planet to star brightness contrasts. For giant close-in planets, such as have been discovered by the radial velocity method, closer than 0.1 AU, the reflected light is predicted to be fairly high yielding a contrast ratio ranging from 10 −4 to 10 −5 at near infra-red wavelengths. In this paper, we investigate direct detection of reflected light from such planets using nulling interferometry, and high-order adaptive optics in conjunction with large double aperture ground-based telescopes. In this configuration, at least 10 −3 suppression of the entire stellar Airy pattern with small loss of planet flux as close as 0.03 arcsec is achievable. Distinguishing residual starlight from the planet signal is achieved by using the center of gravity shift method or multicolor differential imaging. Using these assumptions, we derive exposure times from a few minutes to several hours for direct detection of many of the known extra-solar planets with several short-baseline double aperture telescopes such as the Large Binocular Telescope (LBT), the Very Large Telescope (VLT) and the Keck Telescope.
Introduction
Extra-solar planets have been hunted for many years by several groups mainly by the radial velocity technique to detect the motion of the parent star using very sensitive spectroscopic observations of the Doppler shift. It is only since the first extra-solar planet discovery around 51 Pegasi ) that confirmed detections of more than 100 planetary candidates have been obtained (Marcy & Butler 1997; . The detected planetary companions are quite massive 0.16M J < M sin(i) < 13M J and very close to their primary stars (0.03−4 AU). Recently, for the first time an extra-solar planet has been observed transiting its star, HD 209458 (Henry et al. 2000) . This discovery was confirmed by the detection by the radial velocity's method and allowed determination of both radius and mass ≈(1.42 R J , 0.69 M J ), both complying gas giant planets. Also the first attempt at direct detection of the Dopplershifted starlight reflected from the planet orbiting τ Boötis by Cameron et al. (1999) lead to an upper limit to the albedo and radius. Direct detection of an extra-solar planet's emitted or reflected light, coupled with broadband spectroscopy, would provide complementary information on the planet's characteristics such as its temperature, chemical composition, and the presence of chemical tracers associated with life. However, due to planet's faintness and its location very close to the parent star, the technical requirements are at the theoretical limits of performance and, hence, very challenging. Ground-based imaging or spectroscopy requires very high contrast, achievable only by using high-order adaptive optics (AO) to reduce the light scattered by atmospheric turbulence, such as described in Angel (1994) ; Stahl & Sandler (1995) ; Langlois et al. (2003) and by using in addition a coronograph (Malbet 1996; Beuzit et al. 1997; Roddier & Roddier 1997 , Baudoz et al. 2000 Rouan et al. 2000) or a nulling instrument (Bracewell 1978; Woolf & Angel 1997; Hinz et al. 1998 Hinz et al. , 1999 to reduce the diffracted stellar light.
In this paper, we consider the case of double AO corrected aperture telescopes using the Bracewell nulling technique. We estimate the efficiency of this technique, the quality of the adaptive optics correction, the planet to star brightness contrast, and we derive detection limits for known close-in planets assuming either detection of the center of gravity shift or the use of the spectral difference imaging method to distinguish the planet from its hosting star.
Planet reflected starlight flux
The planets detectability is driven by the amount of light they emit or reflect. For very close planets, visible and near-infrared fluxes are dominated by reflected starlight as discussed in Seager et al. (2000) and Sudarsky et al. (2003) . For a given age and mass, beyond a certain separation greater than considered here (S ≥ 0.3 AU) and depending on the wavelength and the star spectral type, the intrinsic luminosity of the planet takes over. The ratio, , of the flux reflected by the planet is given by Brown & Burrows (1990) 
2 p, where R p is the planet radius, p is the geometric albedo defined as the planet flux divided by the reflected flux from a perfectly diffusing disk of the same radius, and φ(α) is the phase function. The phase function varies from 1.0 to 0.0 for α from 0
• to 180
• . When α = 90
• , maximum angular separation, typical phase functions are 0.25 for a cloudy planet and 0.1 for a rocky planet (Irvine 1968; Lane & Irvine 1973) . For simplicity, we use a phase value equal to 0.3 in the following calculations. The geometric albedo, p, of a perfectly conservative Lambert sphere is 2/3. For a real planet, it can be higher due to backscattering or lower due to surface absorption. The albedo has been estimated by Seager et al. (2000) for close-in giant planets and range from 0.0013 to 0.44 for 10 µm particles with a strong backscattering peak. In comparison, higher albedo values ranging from 0.02 to 0.8 have been found by Sudarsky et al. (2000) . In our solar system typical values range from 0.4 to 0.2 for cloudy or rocky planets. In the following, to represent average conditions, we use an albedo of 0.5.
The reflected flux also depends on the planets radii, a parameter that depends on age, composition and mass. Based on Hubbard (1984) the maximum radius of a planet, in fact of any object less massive than one tenth of a solar mass, is 1.13 R J . More recently it has been shown by Burrows et al. (2000) that close-in giant planets can be 20%−80% larger Jupiter due to stellar insulation. For example, τ Boo b's radius has been modeled to be between 1.6−1.8 R J . These theoretical predictions have been verified by the observation of the transit by HD 209458b of its primary where the radius was found by Mazeh et al. (2000) to be around 1.4 R J . In this paper, we assume that planet radii range from 1 to 1.7 R J as given in Table 2 for several known planets. The planet-star contrast ratio estimated by Sudarsky et al. (2003) ranges from 10 −7 to 10 −4 for six known close-in planets except GJ876c as shown in Fig. 1 . In all cases, the most favorable wavelength for detecting these planets appears to be between 1 and 1.5 µm where both the flux and atmospheric transmission are high, the diffraction allows high resolution and strong absorption bands are present which could be used to discriminate the planet from the star. In the following we concentrate on detection at 1.3 µm using partial Bracewell Nulling.
Bracewell nulling efficiency at 1.3 µm
The nulling technique used to remove star light is based on Bracewell (1978) interferometric methods where two apertures provide two stellar wavefronts exactly out of phase with no relative tilt, so there is perfect cancellation of the stellar light across the whole pupil while the companion signal remains unaffected. The transmission, T , for monochromatic light, is one of finely spaced fringes given by T (θ) = sin 2 πθB λ , where B is the interferometer baseline and θ is the angular distance from a line on the sky through the star perpendicular to the interferometer baseline. The extended parent star angular diameter results in imperfect starlight cancellation requiring the use of either differential wavelength imaging or the astrometric center of gravity method in order to distinguish the planet from the stellar leak. The ratio of stellar flux leaking through the null, the rejection factor R(θ s ), ultimately depends on the ratio of stellar angular diameter to the destructive fringes width (
. This factor, directly estimated by integrating the transmission over the stellar disk angular size, is given by
where θ s is the star disk radius expressed in angular size. The result of the integral, using the Bessel function of order one is given by:
where
λ . For the range of wavelength, baselines, and stellar radii considered here, this expression simplifies to:
2 . The rejection factor is minimal when the planet is located on the first constructive fringe i.e. the separation between the planet and its parent is equal to θ s−p = λ 2B . In the case of the Large Binocular Telescope (LBT) with its 14.4 m baseline, the first constructive fringe is at 11 milli-arcsec angular separation for 1.3 µm wavelength, and consequently the optimum companion separation is 0.11 AU for a system at 10 pc.
The efficiency of the null is also related to the stellar disk radius, R s , which depends on the stellar type as summarized in Table 1 using Bohm-Vitense & Doyle (1989) . The angular radius of an M 5 type star at 10 pc is 0.12 milli-arcsec which is a factor 80 times smaller than the separation associated with the first constructive fringe observed at 1.3 µm. For such stellar radii and the range of separations considered here, the optimum rejection factor ranges from 10 −2 to 10 −4 and it would be below 5 × 10 −4 for separations greater than 35 times the star radius. The minimum separations to satisfy this condition for an M 5 star is 0.044 AU while the same efficiency is achieved for planets as far as 0.18 AU separation from a Sun-like star, as summarized in Table 1 .
In the particular cases considered here, the planet is not always on the first constructive fringe, and as a consequence there is some planet flux loss by transmission ranging from 0.1 to 1 as shown in Table 3 . The improvement factor of the contrast ratio ( T planet R i.e. ratio of the planet flux transmission to the rejection factor) ranges from 10 2 to 8×10 3 for the selected planets in i.e. ratio of the planet flux transmission to the rejection factor) when using Bracewell Nulling at 1.3 micron with the LBT for a G0 type host star as a function of the planet-star separation and the distance of the system. 3 . The effective star-to-planet flux contrast when using Bracewell nulling with the LBT as a function of orbital separation and distance of the system. The phase value is equal to 0.3, the planet radius is 1 R J and the primary star is of type G0. Table 3 and is shown in Fig. 2 as a function of system distance and separation for G0 type stars.As a result the effective starto-planet ratio, including transmission loss, for 51 peg is 97 and for Tau boo is 127 as shown in Fig. 3 and in Table 2 .
Adaptive optics residual halo background
Planet detectability is also affected by the halo of scattered light against which the planet must be detected, which comes Table 2 . Detection parameters for selected known close-in extra-solar planets. The observing wavelength is 1.3 µm, d is the distance of the system, and m v and R s are the host star V magnitude and radius. F V and F J are respectively the visible integrated photon flux from 0.65 to 0.95 µm and the flux in J band expressed in photons m −2 s −1 . R p is the planet radius inferred from Guillot et al. (1996) , is the ratio of the planet flux to the star flux, and the last column represents the effective star-to-planet flux ratio when using Bracewell nulling with the LBT. Guillot et al. (1996). mainly from atmospheric turbulence. This contribution can be greatly reduced by using an adaptive optics system, but will result in a halo around the star with an intensity that depends on the amplitude of the residual errors and on the smallest spatial scale of the correction (Angel 1994) . Detection of planets that are roughly 15 mag fainter than their hosts, requires a halo 10 4 times fainter than the central image peak, which can only be achieved by a high precision adaptive optics system with around 35 phase corrector actuators across each telescope aperture. As shown in Langlois et al. (2003) , such a system is feasible and would be particularly efficient in a dual telescope configuration where very small spatial scale wavefront measurements can be combined with nulling capability. In such a configuration, the phase difference between the two telescopes is estimated using interferometric wavefront sensing techniques in which combining optics are arranged to deliver two equal intensity outputs at a wavefront sensing wavelength and nulling at the observing wavelength. This kind of recombination has already been achieved on a smaller scale by Hinz et al. (1999) , where nulling occured around 10 µm and the output at 2.2 µm was used to tune the phase shift between the two apertures. For such adaptive optics system, we have analytically estimated the residual phase differences to be around 24 nm at 1.3 µm for several known planet hosts in Table 3 used as guide stars. This could only be achieved by using multiple stage AO and/or modal control in order to minimize the low order residual errors responsible for image core widening. The previous calculation assumes a double 8.4 m aperture telescope, 0.7 arcsec seeing, wavefront sensing at 0.7 microns, and a 1 kHz update rate by using Sandler et al. (1994) and Langlois (2001) . This level of performance corresponds to a residual 1−2% transmission of the star flux when nulling and we predict that it will be unable to achieve the 10 −3 level of nulling required here. Using the result from Angel (1994), we derive that the intensity of the residual halo is lower than the stellar intensity imperfectly subtracted by a factor ranging from 1 to 30, as seen in Table 3 . These results were obtained by considering only closed-loop residual errors, not including scintillation and chromaticity effects which could be responsible, if uncompensated, for an additional 2−3% Strehl loss (Fusco 2002) .
Detection limits with the LBT
The detection method proposed here differs from previous approaches by associating partial dynamic Bracewell nulling with Table 3 . Detectability of several known extra-solar planets with the LBT at 1.3 µm, where the fractional bandwidth is equal to 0.01 and the speckle lifetime is τ 0 = 1 ms. T is the exposure time for a 10-σ detection,
is the improvement factor of the contrast ratio, T Planet is the planet transmission, and T ns is the integration time if the speckle fluctuations are negligible compared to both halo and leakage photon noise. We also give the exposure times at 1.2, 1.6, and 2.2 µm and the full spectral bandwidth (Bwith) for detection in less than 5 h. The quality of the wavefront assuming N = 35 actuators per diameter is given by the residual wavefront error = 24 nm (rms) and the halo gain is 1.4 × 10 −4 . If the speckle fluctuations were negligible, only N m actuators would decrease the halo photo-electron counts to the leakage counts. COG is the center of gravity shift in arcseconds and T COG is the exposure time for COG shift detection, assuming a bandwidth of 0.4 microns and that the astrometric accuracy is given by the ratio of the FWHM to the SNR. multi-spectral imaging or dynamic astrometric imaging. This approach allows to calibrate the still overwhelming stellar flux and to overcome the fact that the interferometer does not rotate. In this section we estimate the exposure time required to detect several known planet in such configurations.
Having estimated the various contributions to the background and the expected planet flux we now calculate the signal-to-noise ratio for broadband spectroscopy. If an integration yields a signal count of C S photo-electrons per second from the planet and a background count C B , then the signal can be detected with the signal-to-noise ratio given by
The background light level is dominated by the starlight leaking through the null and by the halo coming from the residual wavefront errors after the adaptive optics correction. The first contribution has a centrally peaked Airy pattern profile with a width of 1.22 λ D shifted from the planet signal. The second contribution is spread over much greater radii and can be assumed to be constant. The optimum signal ratio may be obtained by weighting only the signal within the core of the planets central diffraction peak in a circle of diameter λ/D. The fraction of the signal flux in this solid angle is half the Strehl (St) and the signal from the planet in photoelectric counts is given by:
2 πηT , where F S is the star flux/Hz, b is the fractional bandwidth, D is the telescope diameter, η is the product of the detector quantum efficiency and the optical transmission, and T is the integration time. The background count, C b , can be written as the sum of the five terms corresponding to the leakage, diffuse residual halo, residual halo speckle, dark current, and read noise: C B = C leakage + C halo + C speckle + C dark + C read , where
, and C speckle = ( (Angel 1994) , where τ 0 is the speckle lifetime, or the exposure time required to obtain with adaptive optics correction independent realizations of residual speckles in the halo. This latter expression is similar to the speckle variance estimated in Racine et al. (1999) . After adaptive optics compensation the speckle lifetime usually ranges from 1 to 100 ms (Ryan et al. 1998 ) and can in theory be reduced to 1 ms by incorporating temporal prediction in the wavefront reconstruction (Stahl & Sandler 1995) . For several specific known objects from Marcy's almanac of extra-solar planets 1 shown in Table 2 , we estimate the exposure time for a 10-σ detection. All the selected candidates with separations ranging from 0.05 to 0.3 AU can be detected in less than ten hours at 1.3 µm (Table 3) . At this wavelength, the planet transmission is between 10% and 100%, and both gain and rejection factors are high (within the 10 −4 −10 −3 range). In all cases, the detection is limited by the speckle fluctuation in the residual halo. The variance of the speckle is a few hundred times larger than the photon noise. If we consider that the speckle fluctuation can be reduced to a negligible amount compared to the halo and leakage photon noise, the integration time would be given by T ns in Table 3 and all these extra-solar planets could be detected on minute timescales. In this case a number Nm of actuators ranging from 7 to 21 as shown in Table 3 would be sufficient to equalize halo and leakage photon noise. The integration time will in reality lie in between T ns and T according to the quality of the speckle smoothing and calibration and might be greater than T if slow speckles due to non common path errors are present.
The residual speckle noise contribution can be significantly reduced by the use of multi-spectral or multi-polarization differential imaging. Marois et al. (2000) have shown that the technique can decrease the speckle noise by a factor 10 4 by using three different wavelengths spanning the CH 4 absorption band in the spectrum of brown dwarfs. This level is sufficient in all the cases considered here to reach the photon limit. Spectra for these planets are also predicted to have similar broad absorption bands between 1 and 3 µm (the deepest band is centered around 1.3 µm) mainly due to water (Fig. 1 ). These water absorption lines could cause a decrease by a factor 10 2 in the light reflected from the planet which might be used to reduce the speckle noise and also help distinguish the planet from residual starlight. With roughly a factor of 100 in flux between the planet and its host star, residuals after nulling and their slow variations need to be accurately calibrated out. This can be done by recording alternatively at two wavelengths with the null on and off. The accuracy required in this context could be reached when predicted deep absorption bands with contrasts greater than 10 2 are present in the planet spectra. If this is not the case, another technique consists of estimating with a dynamic null the center of gravity displacement. When nulling is turned on, the center of gravity of the selected candidates (Table 2) moves from 10 −4 to 5 × 10 −2 of the FWHM corresponding to 5−20 mas (Fig. 4) . It has been shown in Currie et al. (2000) that 10 µas astrometric accuracy is achievable from the ground when using adaptive optics.
The accuracy of such astrometric methods is proportional to the ratio of the FWHM (33 milli-arcsec) to the signal-tonoise ratio. Assuming a bandwidth of 0.4 microns, the center of gravity motion could be detected in less than 50 h for 8 candidates, 2 of which (HD 195019 and Gl 86) could be detected in less than 1 h. Both detection methods depend strongly on the phase value, itself dependent of the presence of clouds around the planet. A reasonable range would be 0.25−0.3, leading to a range of exposure times up to a factor of 1.5 to 3 greater.
Detection limits with the VLT and Keck
If we consider a double aperture telescope configuration with longer baseline (e.g. the VLT 2 × 8.2 m with 46.6 m baseline and Keck with a 85 m baseline) the efficiency of the null will be preserved as long as the quantity λR s /BS stays unchanged. For the same wavelength domain the consequence is greater accessibility to closer targets as seen in Fig. 5 . The null efficiency loss from the relative star diameter of a factor 10 for the VLT and a factor 100 for the Keck compared to the LBT, is compensated by an increase of the planet signal from the closer separations (Tables 3−5 ). The separation domains are 0.05−0.3 AU for the LBT and 0.03−0.1 AU for the VLT and the Keck. There is also a good complementarity between these telescopes; only 4 or 2 targets are observable by the LBT and the VLT or the Keck. When considering astrometry, the VLT is sensitive to separations ranging from 2 to 4 mas, with a total of 5 candidates detectable in less than 50 h. For the Keck, the center of gravity shifts are only a few µas and only one candidate (HD 209458) is detectable in 10 h.
Summary and conclusions
Direct detection of reflected light from close-in extra-solar planets is achievable at near infrared wavelengths with short-baseline, large binocular interferometers equipped with adaptive optics and nulling. In this context nulling interferometry is able to achieve 10 −3 or better suppression of the entire stellar Airy pattern with small loss of planet flux as close as 0.05 arcsec. The planet to star contrast ratio is predicted to be 10 −4 −10 −5 (Sudarsky et al. 2003) at J and H band, leading to integrations of a few minutes if photon noise of the residual star flux is the only limit. More realistically, due to "speckle" noise, integrations of several hours provide low-resolution spectra and access to possible absorption bands. Two detection methods may be used with similar efficiency: multi-wavelength imaging Table 4 . Exposure time for detection of several known extra-solar planets with the VLT double aperture 8.2 m telescope and the shortest available baseline using both imaging and the center-of-gravity shift method. The range of the planet-star separations is 0.05−0.3 AU and the assumptions and notation are the same as for Table 3 . We also included the center-of-gravity shift (COG, in arcseconds) and the integration time for the COG method (T COG ). Table 5 . Exposure time for detection of several known extra-solar planets with the Keck double aperture telescope using both imaging and the center-of-gravity shift method. The range of planet-star separations is 0.03−0.1 AU and the assumptions and notation are the same as for and measurement of center-of-gravity shift. The first method is possible only when absorption bands are present, as predicted in most cases. Atmospheric correction with adaptive optics is also required for effective nulling and temporal averaging of "speckle" noise. This can be implemented on dual apertures interferometers. Given such systems, most of the close-in planets discovered by the radial velocity method with separations ranging from 0.05 to 0.3 AU are detectable with the LBT. Longer baseline telescopes such as the VLT or Keck have the potential to detect slightly closer planets with separations between 0.03 and 0.1 AU. The sensitivity of these telescopes could in theory reach planets as small as Neptune.
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